RUNNING TITLE: An approach to the design of helical bundles using dehydrophenylalanine residues based on the packing of helices in the solid state.
Introduction:
De novo protein design endeavors to understand the daunting complexity of protein architecture and has the ambitious goal of constructing novel molecules with predetermined structures and functions. [1] [2] [3] [4] The success in the de novo synthesis of protein mimics, [5] [6] [7] [8] [9] [10] [11] [12] relies heavily on the ability to design relatively short peptides that can adopt stable secondary structures, such as a helix. In this connection, non-protein amino acids such as α,β-dehydrophenylalanine (∆Phe) have been used as conformation-determining residues. [13] [14] [15] [16] [17] [18] [19] [20] [21] A recent example from our laboratory includes, a ∆Phe containing decapeptide, showing self-association of oppositehandedness helices. 22 This self-association concept was successfully exploited by us in the design of super secondary structure helix-turn-helix, where the adjacent helices that docked to each other are of opposite screw sense. 23 However, a strategy has to be evolved for the development of discrete folded super secondary structural motif in which the interacting helices are right-handed, for which there has been till date no crystal structure containing ∆Phe residue as a model for pairing and interaction. Here, we report the synthesis and characterization of two closely related undecapeptides namely: Ac-Gly 1 have been envisioned to fold as right-handed 3 10 -helices. Val residues at positions 5 and 8 in peptide I have been replaced by less bulky Ala residues in peptide II, except for which the two sequences are similar. Crystal structure and CD studies have both confirmed the preferential folding of the designed peptides into right-handed 3 10 - helices. Interestingly in both the crystal structures, a given helix is surrounded by six other helices reminiscent of transmembrane seven helical-bundles. The outer helices have either parallel or antiparallel orientation relative to the central helix. Apart form other interactions the parallel helices interact through C-H…O 24 and C-H…π 25 hydrogen bonds while the antiparallel helices interact through N-H…O and C-H…π hydrogen bonds. Leucine residues occurring in layers is a feature common to both the structures. Here we discuss the molecular and crystal structures of the peptides I and II and the clues that have emerged to realize the successful design of higher order super secondary structural elements such as helical bundles.
Experimental procedures

Synthesis and characterization of peptides
Fmoc-protected amino acids for solid-phase peptide synthesis were obtained from Novabiochem or Bachem. The two undecapeptides (I and II) were synthesized manually at a 0.5 mmol scale. Fmoc-Rinkamide MBHA (Novabiochem) resin (0.5mmol/g) was used to afford carboxyl-terminal primary amides. Couplings were performed by using carbodiimide. Solution phase methodology was used to introduce the ∆Phe residue in the undecapeptides as a dipeptide block by dehydration of Fmoc-Aa-DL-threo-β-Phenyl Serine (Aa=Valine or Alanine in case of (I) and aa=Alanine in case of (II)) using fused sodium acetate and freshly distilled acetic anhydride as reported earlier. 26 All reactions were monitored by TLC on precoated silica plates in at least two different solvent systems. 26 All the couplings were followed by a 5 minute reaction with acetic anhydride and HOBT in DMF/DCM to cap any unreacted amines. Fmoc deprotection was performed with piperidine (20% in DMF). After addition of the final residue, the amino terminus was acetyl-capped and the resin was rinsed with DMF/DCM/MeOH then dried. The final peptide deprotection and cleavage from the resin was achieved with 10 ml of 
Results and Discussions:
Molecular and Crystal structures of Peptide I and Peptide II:
Molecular conformations:
Atomic resolution structures of peptides I and II are depicted in the Figure 1 . As designed, both peptides folded into right-handed 3 10 -helices. In both of these peptide molecules, the segments 2-9 are in 3 10 -helical conformations (Table 2) , stabilized by 4→1 hydrogen bonds as shown in Table 3 . The average (φ, ψ) values for helical stretch in Peptide I and II are (-56°, -20°) and (-57°, -21°) respectively.
In 3 
CD studies
CD spectroscopy can be a very useful tool to establish the screw sense of dehydrophenylalanine containing peptides. 31 The CD spectra displays a couplet of bands that appear as a typical exciton splitting of the dehydrophenylalanine chromophore at 280 nm. This splitting pattern is an indication of two or more ∆Phe residues, generally involved in a system of consecutive beta-turns, i.e. 3 10 -helix, 32, 33 the sign of the couplet dictating the handedness of the helices. For the present undecapeptides, CD studies were carried out in various solvents at room temperature.
The spectra display couplet of bands, the most striking feature being the sign of the couplet. A negative CD couplet (-+), characteristic of a right-handed 3 10 -helix with negative band at 299 nm, a positive band at 268 nm and a crossover point at λ=287
nm is observed for the undecapeptides in various solvents tried. Thus the undecapeptides preferentially form a right-handed 3 10 -helical conformation. The sign of the couplet does not change with the solvent. Only a variation in the intensity of the couplet is observed which reflects the instability of the peptide conformation in different solvents. Both the peptides, however, show small featureless CD spectra in DMSO, suggesting loss of structure in this chaotropic solvent (CD data not shown).
Crystal packing:
Arrangement of helices:
It is very interesting to note that, despite differences between their sequences, both these peptides have crystallized in same space group P2 1 2 1 2 1 and with quite similar cell parameters (Table 1 ). In the crystal packing of both molecules, peptide I and II, the helices are arranged in both antiparallel and parallel orientations. Figure (2a -d) shows view down the helical axis for the helical arrangement in crystal lattice of Peptide I and II, when they are in antiparallel and parallel orientations.
Further, the helices are arranged laterally in such a way that they are in level with each other and a given helix is surrounded by six other helices, two helices being parallel and four helices being antiparallel to it. 
Association of Helices:
In both the cases of helical arrangements, the parallel and antiparallel, the helices are associated through wedges into grooves (Figure 2 , 3a, c) as opposed to knobs into holes in α-helices in proteins 34 . In Leu -Leu interfaces of both peptides, and Ala - 
Hydrogen Bonding Network:
In crystal packing of both the peptides, helices are found to have head-to-tail kind of hydrogen bonds N2LO9', N3LO11' and N12LO1 (Table 3) in a direction parallel to the helical axis. In addition to other non-bonding interactions (wedges into grooves, helix dipole -dipole interactions), packing of helices along lateral direction are further stabilized by network of classical N-HLO hydrogen bonds N1LO10' (Table 3) and non-classical C-HLO and C-HLπ weak hydrogen bonds (Table 4 ). and Table 4 ). While at Ala -Ala interface, in Peptide II, a C-H…π bond is observed between antiparallel helices ( Figure 4f and Table 4 ).
This network of hydrogen bonds in a direction lateral to the helices can be represented schematically as shown in Figure 5 . In case of Peptide I each helix is involved in a total of two N-H…O hydrogen bonds, six C-H…O and six C-H…π intermolecular hydrogen bonds. In case of Peptide II each helix is involved in a total of two N-H…O hydrogen bonds, four C-H…O and four C-H…π intermolecular hydrogen bonds.
Thus in the crystal structure of these peptides, each helix is acting as donor and acceptor of intermolecular hydrogen bonds.
Presumably, the presence of well defined wedges and grooves in 3 10 -helices encourage the bringing together of adjacent helices facilitated by wedge into groove association resulting in the occurrence of a multitude of classical as well as nonclassical interactions at the helix interfaces. The overall arrangement of helices in the crystal structure of these two peptides may be best described as a hexagonal close packing of regular cylinders where the cylinders are in flush with each other.
A careful study and a proper understanding of interactions between helices and the pattern of their association is important, since it has been reported recently that both metal binding and catalytic activity could be successfully incorporated into a hetero oligomeric association of de novo designed peptide helices as tetramers 35 .
Discussions:
In the crystal structures of both molecules Peptide I and II, identical helical arrangements are observed. A given helix is surrounded by two parallel and four antiparallel helices. This mode of aggregation of helices via the parallel and antiparallel orientations is similar to that observed in membrane proteins 36 and watersoluble proteins including helical bundles. Parallel and antiparallel and only parallel arrangements of α-helices in crystal polymorphism were observed for Aib containing decapeptides 37, 38 , where the packing of helices was reportedly dominated by the close approach of methyl moieties (3. 10 -helices compared to that of α helices 39 and wedges into groves association of 3 10 -helices that brings them together. In the recently reported helix-turn-helix structure from our laboratory a tetraglycine segment links adjacent antiparallel helices. 21 The folding of the peptide is an advantage in including the ∆Phe residue in the design of super secondary structural elements as it exhibits preferential secondary structural features, i.e., helix inducer, both in solid state and in solution and provides greater stability to the scaffold. The design of higher order super secondary structural elements using ∆Phe is likely to be helpful in realizing stable molecular frameworks for incorporating activity.
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